Increases in mean temperatures caused by anthropogenic climate change increase the frequency and severity of temperature extremes. Although extreme temperature events are likely to become increasingly important drivers of species' response to climate change, the impacts are poorly understood owing mainly to a lack of understanding of species' physiological responses to extreme temperatures. The physiological response of Pseudochirops archeri (green ringtail possum) to temperature extremes has been well studied, demonstrating that heterothermy is used to reduce evaporative water loss at temperatures greater than 308C. Dehydration is likely to limit survival when animals are exposed to a critical thermal regime of !308C, for !5 h, for !4 consecutive days. In this study, we use this physiological information to assess P. archeri's vulnerability to climate change. We identify areas of current thermo-suitable habitat (validated using sightings), then estimate future thermo-suitable habitat for P. archeri, under four emission scenarios. Our projections indicate that up to 86% of thermo-suitable habitat could be lost by 2085, a serious conservation concern for the species. We demonstrate the potential applicability of our approach for generating spatio-temporally explicit predictions of the vulnerability of species to extreme temperature events, providing a focus for efficient and targeted conservation and habitat restoration management.
Introduction
Conservative estimates suggest an increase in mean global temperatures from 1990 of 1.7-48C by 2100 [1] , and this rise is expected to have a profound impact on global biodiversity [2, 3] . Anthropogenic climate change is predicted to lead to increased occurrence of extreme weather events such as heatwaves, flooding rain and cyclones [1, 4, 5] , with temperature extremes predicted to increase more quickly than the means [1] . While extreme events are likely to become increasingly important drivers of broad ecological responses to climate change [6] , little is known about their impacts on species.
The vulnerability of most species to extreme temperature events is poorly understood because data quantifying changing exposure are rare (e.g. [7] ) and key information on the physiological sensitivity of many species is scant [8] . However, such physiological sensitivity has been described in detail in a rainforest marsupial, Pseudochirops archeri (green ringtail possum), endemic to Australia's Wet Tropics (AWT) [9] . When exposed to temperatures !308C, P. archeri adopts heterothermy [9] -instead of maintaining a constant body temperature via evaporative cooling, heat is stored in the body. Use of heterothermy allows P. archeri to tolerate temperature extremes of !308C for 5 h a day & 2018 The Author(s) Published by the Royal Society. All rights reserved. for 4 to 6 consecutive days, without losing water by evaporative cooling [9] . Temperature and occurrence records suggest that dehydration becomes biologically limiting for P. archeri if temperature extremes persist for longer than this [9] .
Here, we incorporate a specific physiological response to temperature extremes into an assessment of vulnerability to climate change. We statistically downscale accurate highresolution daily temperatures [10, 11] to hourly thermal exposures within P. archeri's key microhabitat, then identify P. archeri's current thermo-suitable habitat. Crucially, we validate our method by establishing that the species only occurs within this viable thermal niche, using sightings of P. archeri. Next, we project the viable thermal niche into the future under four emission scenarios, to predict the size and location of habitat available to P. archeri at eight decadal time points from 2015 to 2085.
Material and methods
First, accurate estimates of daily maximum (T max ) and minimum (T min ) air temperatures across the AWT were statistically downscaled from a 5 km resolution (Australian Water Availability Project; AWAP [12] ) to 250 m spatial 'cells' from 1976 to 2005 using the same data and the same methods as in [10] . See electronic supplementary material Appendices 1 and 2 within [10] for detailed methods.
Next, daily T max and T min at 19 m height in the canopy were estimated using the methods described in [11, 13] (see electronic supplementary material Appendix 1 and [14] for more details). P. archeri do not rest in tree hollows [15] and are exposed to the prevailing temperatures (but not direct solar radiation) at ca 19 m in the forest canopy.
Next, hourly temperatures at 19 m in the canopy for each cell in the AWT for each day from 1976 to 2005 were estimated using the estimated daily extremes. First, empirical temperatures at 19 m in the canopy were normalized to range from 0 to 1 [16] . To control for topography, such as shading by mountains, the time of sunrise and sunset for each cell were calculated using the GRASS r.sun command [17] . Following [16] , empirical time was normalized such that 00.00, sunrise, sunset and 24.00 were defined as 0.00, 0.25, 0.75 and 1.00, respectively. A linear sine/cosine equation was fitted to model hourly temperature parameters.
where Y is normalized temperature and X is normalized time. We use the estimated parameters (a, b and c) to provide hourly estimated temperatures (T h ) at normalized time X using equation (2.2).
Thus, (given a daily estimate of T min and T max ), this procedure yields an hourly estimate of temperature for each cell, for every day of each year from 1976 to 2005.
To project temperatures into the future, we used Australiawide bioclimatic layers calculated for 18 general circulation models (GCMs) under four Representative Concentration Pathways (RCPs [18] ), at eight decadal time points from 2015 to 2085 (https://researchdata.ands.org.au/future-climate-layers5km-resolution/10856). From these data, we calculated the mean monthly projected T max and T min across all 18 GCMs for each RCP (RCP2.6, RCP4.5, RCP6.0, RCP8.5 [18] ). Mean monthly 'baseline' temperatures were calculated from AWAP data . Monthly temperature differences between baseline and projected future temperatures (for eight decadal time points from 2015 to 2085) for each cell were calculated and added to the existing temperature layers from 1976 to 2005 for each time point and each RCP, for T min and T max . The same procedure as detailed above was then used to transform the data to 19 m in the canopy and then to hourly temperature estimates for each day.
An 'event' was a run of !4 days where temperatures were !308C for !5 h (conditions where dehydration becomes limiting for P. archeri [9] ). Using estimated hourly temperatures for the canopy (at 19 m), we calculated the mean number of events that occurred within each cell annually. This was repeated to estimate the mean number of events likely to occur in each cell at each time point, under each RCP. Thus, we predicted the areas in which P. archeri would be free from a dehydration challenge.
Occurrence data for P. archeri (n ¼ 136 [19, 20] ) were overlaid on a GIS surface of 'events'. The mean number of annual events from 1976 to 2005 was extracted at each location. We used the function PatchStat [21] to calculate habitat 'patch' sizes (contiguous cells where 0 events occurred). All analyses were performed in the R environment for statistical computing [22] .
Results
AWAP T max , elevation and foliage projected cover were the most important predictors for daily T max , contributing 89% of all binary splits used to make the decision tree prediction surface (52, 31, 6% respectively). The most important predictors for T min were: AWAP T min (80%), elevation (12%) and AWAP T max (2%). Like [10] , linear regression indicated that the boosted regression tree (BRT) estimates of empirically measured T min and T max (electronic supplementary material, Appendix S1 of [10] ) were more precise and accurate than those from AWAP used for model fitting. 2a). The size of the largest thermo-suitable habitat patch was predicted to decrease at a similar rate (figure 2b). There was a strong positive relationship between the annual mean projected temperature increase over time and the proportion of the initial thermo-suitable habitat projected to be lost (electronic supplementary material, figure  S1 ), as mapped (electronic supplementary material, figures S2 -S9) and expressed as event distribution histograms (electronic supplementary material, figures S10-S13) for each time point, for each RCP.
Discussion
The well-understood physiological response of P. archeri to extreme temperatures [9] provided an opportunity to develop rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180189
an empirical model that, in combination with highly detailed spatio-temporal temperature data at the microhabitat scale, can be used to identify changes in thermo-suitable habitat under climate change. We found that 90% of P. archeri sightings occur in areas where the critical temperature regime shown to be limiting to P. archeri did not occur. Ninetynine per cent of sightings occurred in areas where a mean of 0.3 events occurred annually. These findings support the hypothesis that P. archeri's distribution is limited by intolerance to a critical thermal regime [9] .
When projected into the future, we showed that as temperatures increase with climate change, the number of cells in the AWT in which the critical regime of interest occurs increase over time. This means that thermo-suitable habitat available to P. archeri is likely to decrease substantially, with a comparable decrease in habitat patch size likely to impact gene flow and render the species more vulnerable to stochastic events [23] . While the downward trends in available thermo-suitable habitat are clearly demonstrated across all scenarios (electronic supplementary material, figures S2 - rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180189 S9), they necessarily lack confidence intervals as uncertainty was not propagated through our regression analyses. However, irrespective of the exact magnitude of the trends, our results make the relative impact of extreme weather events on the viable thermal envelope of P. archeri spatio-temporally explicit, and thus provide robust foci for targeted conservation and habitat restoration management to help reduce the climate change vulnerability of this endemic rainforest marsupial. When applied to other species in the AWT, this will enable efficient management of the most vulnerable areas and improve the resilience of the AWT landscape to increasingly extreme temperature events [24] . This method can also be applied elsewhere where detailed information on both thermal tolerances and daily weather are available, and in such cases can bypass the need for potentially more powerful but difficult-to-parametrize mechanistic approaches [25] to conservation planning and reserve selection. Increases in intensity and duration of extreme heat events have already been observed [4, 5] and are expected to increase further under future anthropogenic climate change [1] ; they are therefore likely to become increasingly important mechanistic drivers of ecological responses to climate change [6] . Accurate spatially explicit and species-specific assessment of vulnerability to changes in extreme temperature event regimes, such as demonstrated here, will become increasingly important for deploying limited conservation resources to the world's most vulnerable biota.
Data accessibility. Data deposited in Dryad: http://dx.doi.org/10.5061/ dryad.3q83177 [14] .
